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Abstract

It has been known for many years that red phosphorus reacts with moist air to produce
phosphorus oxyacids and phosphine. The detailed mechanism remains unknown. This
problem is of great concern to MoD and to pyrotechnics manufacturers because of the present
and likely future importance of red phosphorus as the major constituent of compositions for
visual and infrared screening, and because of the concern about the toxicity of phosphine and
the possible consequent degradation of the performance of stores containing red phosphorus.

Because red phosphorus is used extensively in the plastics industry much work has been
published in the patents literature on ways of reducing the rate of evolution of phosphine. The
scientific basis for the various claims is not well understood.

This report comments on the pyrotechnic problems of using red phosphorus, and surveys the
literature (largely patents) to accumulate the wide range of materials which have been claimed
to be affective as phosphine and acidity suppressers.

Recommendations are made for future research work to clarify the reaction mechanisms, for
collaboration between red phosphorus and pyrotechnics manufacturers work to improve the
ingredients supply and processing of red phosphorus pyrotechnic compositions for the
development of non-destructive test methods for the stability of powdered and compacted
composition, and for the quantification of toxic and environmental hazards arising from the
use of red phosphorus.

If red phosphorus is to continue as an acceptable ingredient for screening smoke
compositions, the following problems must be addressed:

. The production of phosphine from compositions must be reliably suppressed by a
mechanism effective over the planned life of the store (one should now be
considering 30 years).

. The production of hydrogen by reactions involving ingredients must similarly be
suppressed.

. The formation of white phosphorus under different conditions (on extinguishing in
water, when choked by carbonaceous residues etc.,) must be quantified and
minimised.

. The toxicity of combustion products of compositions must be assessed. and
optimum selection of ingredients and formulations devised to minimise it.

. Environmentally and economically acceptable methods of demilitarising, reusing
and destroying red phosphorus compositions and components (particularly plastics
contaminated with it) must be devised.
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1. Introduction

Red phosphorus is an important ingredient for the manufacture of pyrotechnic smokes and is
likely to be in service for many years. However, it readily reacts with moist air to form acidic,
highly hygroscopic oxides, and phosphine which is a toxic, chemically reactive gas. The gas
could pressurise unacceptably a sealed store containing red phosphorus compositions, and it
reacts with certain metals and plastics causing significant changes in their properties. The
moisture usually present on red phosphorus can react with other ingredients of a pyrotechnic
composition, specifically with metal powders, to generate significant quantities of hydrogen.

The original red phosphorus screening smoke compositions for use by the land services
consisted of nothing more than red phosphorus in a matrix such as butyl rubber to allow it to
be formed into a payload for smoke grenades. About 12% rubber gave a mixture that could be
incorporated, granulated for convenient handling and pressed with an acceptably low
probability of a fire. Such a simple formulation gave the maximum quantity of red phosphorus
in the mixture, and therefore, it was expected, the maximum quantity of smoke. It became
obvious, however, that under certain conditions, the red phosphorus did not necessarily burn
to completion. Not only was this inefficient as far as smoke production was concerned, but
residues were considered to form an unpredictable incendiary hazard. Concern was also
expressed about the possibility that the residues could be contaminated with highly toxic
white phosphorus formed by condensation of unburned phosphorus vapour.

A further disadvantage of the simple formulation was that the burning time of the payload was

" governed almost solely by the size of the lumps formed on dispersal. The burning rate of the

composition could be adjusted only within narrow limits by varying the particle size of the
phosphorus and its concentration in the mixture. This was not seen as a great problem for
grenades such as the L8 where a rapid build up of fairly long duration visual screening smoke
was adequately achieved largely by vigorous fragmentation of the pressed pellet whereby the
finest resulting particles burned very rapidly in the air and the larger particles fell burning to
the ground.

Such compositions, however, proved inadequate for more sophisticated applications of
screening compositions. An artillery shell, for example, can deploy smoke compositions either
in smoke pots or as pressed pellets which are released from the carrier shell at some optimum
altitude. The simple compositions do not burn in smoke pots. Aerodynamic considerations
require good control over the size and shape of deployed pellets, so the pyrotechnic designer
must vary the rate of burning of his composition by other means to achieve the required
duration and opacity of the screen.

Subsequently, compositions were developed which contained mixtures of metal powders and
inorganic oxidants to provide a good source of pyrotechnic heat to allow better control over
the burning rate of the composition and, burning anaerobically themselves, ensure that the red
phosphorus combustion continued more readily to completion. This method gave the designer
much greater flexibility to vary the rate at which smoke was produced from any particular size
of pellet. These compositions had two disadvantages in particular. The extra components
reduced the amount of phosphorus in a payload, and hence the amount of smoke; the metal
powder was prone to corrosion and hydrogen was produced as well as the phosphine from the
phosphorus.




Other types of composition should be mentioned which have been used in Naval service for
many years as signalling smokes from smoke pot type devices. Excess red phosphorus mixed
with calcium sulphate generates heat to vaporise the excess which burns in the air. Manganese
dioxide will also react with phosphorus. However, these compositions were not designed to
produce smoke at the rate necessary for screening purposes. Phosphine evolution has also
been a serious problem with them and prompted their reformulation.

One further inconvenience for pyrotechnics manufacturers is that many of the binders used in
modern compositions are soluble only in solvents which are toxic, highly flammable (acetone,
MEK etc.,) or are undesirable pollutants (chlorinated hydrocarbons). It would be a great
advantage if binders were developed which could use solvents such as alcohols. which, even if
flammable, are more acceptable environmentally.

(89




2. Phosphorus

2.1. Introduction

Phosphorus is a chemical element. It shows extensive allotropy, the three main forms being
white, red and black (the thermodynamically stable form), each of which is polymorphic.
Although white phosphorus is the product of solidifying molten phosphorus or of condensing
the vapour, it is thermodynamically unstable with respect to red phosphorus and is converted
into it by heating. This transformation takes place extremely slowly under normal conditions,
and the commercial manufacture of red phosphorus from white phosphorus takes place at high
temperature perhaps in the presence of a catalyst such as iodine, sodium or sulphur. It can also
be accelerated by ultraviolet irradiation. When white phosphorus is heated at very high
pressure or at lower pressures in the presence of a suitable catalyst crystalline black
phosphorus is produced.

The liquid, solid white phosphorus and the vapour below about 800°C consist of tetrahedral
P, molecules. The bonds are under considerable angular strain (estimated at about 96 kJ/mol),
in accord with the known reactivity of the molecule. At higher temperatures the P, molecules
dissociate into P,.

The structures of the solids are not well characterised. Crystalline black and red phosphorus
have a graphite like structure.

The following variants have been reported.!

Modification | Structure Density

g/cc
Red | amorphous 2.16 transformation at 460°C
Red I1 hexagonal 2.31 transformation at 520°C
Red III hexagonal 2.31 transformation at 540°C
Red IV tetragonal 2.31
Red V triclinic 2.31 Tm=590°C
Red VI ? 2.31
Black amorphous 2.55
Black orthorhombic | 2.69 From white phosphorus at 200°C and 120

MPa
Table 1. Some Polymorphs of Phosphorus

Only two allotropes, white phosphorus (also called yellow) and red phosphorus (also called
amorphous) are of practical importance. As far as military use is concerned, white phosphorus
must be considered obsolescent because of its toxicity and the unacceptable injuries that it
inflicts when used as an incendiary.

(99)




White Red
phosphorus phosphorus
M.P. (°C) 44
B.P. °C) 280
Density (g/cc) 2.3 1.82%
Vap. pressure at room 0.04 <1x10%
temperature (mm Hg)

Physical appearance

Waxy, off white or yellow
solid

Dark red, granular solid.

Chemical reactivity

Very reactive. Can ignite
spontaneously in air.

Reactive. Easily ignited.
Stored in drums with fitted

lids.
Fairly low.

Usually stored under water.
High by ingestion (LDsj ca.
1 mg/kg) and inhalation of
vapour.

Avoid all contact with skin;
avoid any inhalation of
vapour,

Toxicity

Treat as a hazardous
material - avoid contact and
inhalation of dust.

Normal handling precautions

Table 2 Some Properties of Elemental Phosphorus

The vaporisation process of red phosphorus is considered of importance in the commercial
production of III-V semi-conductors and was studied by John and Hein 2. They found that the
process was complex: the process was kinetically controlled, and the temperature dependence
of the equilibrium vapour pressure varied greatly with the source of the material. Red
phosphorus produced by conversion of white phosphorus in a closed vessel had very variable
properties depending on the temperature of the reaction and varied in colour from bright red
(highly porous) to dark brown-violet (without macroscopic pores). Only amorphous material
of compact habit exhibited reproducible behaviour.

This observation of the significant variability of a fundamental physical property of red
phosphorus renders less surprising the generally observed variability of chemical reactivity of
red phosphorus which can differ significantly from sample to sample even from a single
manufacturer.

Phosphorus is obtained primarily by reduction of phosphate rock, essentially calcium
phosphate, with coke and silica in an electric furnace in yields of about 90%. Phosphorus
volatilises as Py (partly dissociated into P, above about 800°C) and condenses as white
phosphorus.

2Ca;3(POs); +6Si0, +10C = P, +6CaSiO; +10CO

In spite of the heat of combustion of the coke, the overall reaction is strongly endothermic and
required about 12 MW hours of electricity per ton of phosphorus.’ Impurities include arsenic
and antimony in quantities up to ~100ppm as well as some silicon, carbon, iron and fluorine.
Steam distillation can reduce the concentration of arsenic to 2ppm.




White phosphorus is used industrially primarily as a precursor for red phosphorus, which is
used in large quantities as a flame retardant in the plastics industry.

2.2, Uses of Red Phosphorus

The major use of red phosphorus is in the plastics industry where it is used as a flame
retardant and fire suppressant. Two main problems seem to be associated with it. The first is
the flammability of the material which can cause fires during the processing, the second is the
chemical stability of the system and the evolution of phosphine on storage and during the
processing. Phosphine production seems to proceed in tandem with an increase in the acidity
of the material due to oxidation, although it is difficult to find good comparative data. It is
normal practice for the manufacturer to supply red phosphorus which has been treated
chemically to suppress these phenomena of excessive flammability and excessive oxidative
lability. Although the two phenomena are quite different, some publications do not distinguish
clearly between them and the purpose of some additives is not explicit. The fire hazard is
countered by the use of an anti-dusting agent (or a phlegmatiser or a desensitiser), the
reactivity is suppressed by a stabiliser.

In practice, effective flame-proofing seems generally to be achieved with phosphorus
concentrations from 1 to 15% by weight of the thermoplastic composition. In the case of
glass-fibre-reinforced polyamides, red phosphorus concentrations of from 0.5 to 5% by weight
of the fibre-reinforced polyamides provide adequately flame-proofed products. However, the
patents generally cover a much wider composition range than that found adequate.

Regardless of the required concentration of red phosphorus, its incorporation into
thermoplastic polymers often presents considerable difficulties, especially where such
polymers have a high melting point or softening range so as to require high temperatures
above 200°C or even up to about 310°C to achieve an effective melt-blending or
homogenisation and distribution of the red phosphorus in the polymer itself, Red phosphorus
powder, which has particle sizes primarily in the range 0.01 to 0.15 mm (most patents claim
below 0.2mm) but which may contain even finer portions, tends to produce a dust and this
frequently leads to fires, particularly in the presence of hot surfaces, which are unavoidable,
above all when melt-blending or similarly processing thermoplastic polymers with high
melting points.

The plastics industry therefore has a similar problem to the pyrotechnics industry. Once the
red phosphorus is incorporated into a composition, dusting is no longer a problem, but the
processing of the treated stabilised red phosphorus may have an adverse effect on the
stabiliser. The advantage for the plastics industry is that phosphorus is a minor constituent of
the final product; in a pyrotechnics product, however, it is the major component the amount of
which must be maximised to achieve the required effect.

2.3. Manufacture of Red Phosphorus
2.3.1. Discussion

The usual process involves the conversion of white phosphorus by extended heating at about
220° - 280°C in a closed vessel. The reaction is exothermic and the conversion temperature
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must be controlled as reaction can become too vigorous at sufficiently high temperatures.
Catalysts have been proposed to speed up the process.

P(white) =P(red)  AH =-17.5kJ

The red phosphorus is usually obtained in massive form which must be broken up and milled
to produce particles or the required size. The particles are then treated with aqueous alkali to
remove residual white phosphorus. The temperature at which the conversion proceeds affects
the degree of crystallinity of the product — the higher the temperature, the greater the
crystallinity and, presumably, the less reactive the product.

The Albright and Wilson process used in the UK (in the author’s recollection) was a simple
process in which the yellow phosphorus was heated in sealed, coffin-like vessels until
essentially complete conversion had been achieved. The massive product was broken up
coarsely under water and then milled to the required size. The solid was treated with caustic
alkali to remove residual yellow phosphorus, dried and oiled (as an anti-dust treatment).

Discussions with Hoechst revealed that all their grades are produced by the same basic
method. Yellow phosphorus is converted essentially completely into red phosphorus by a
suitable heat treatment. The solid product is then milled to meet the required particle size
distribution. Although the material is often of sufficient purity (sufficiently low yellow
phosphorus content) to meet the specification, an alkali washing stage is always included.

On the face of it, the two processes are similar. Differences between the processes which
might affect the reactivity of the solid product could be sought in the particle size, which
governs the specific surface, and in the conversion temperature, which affects the degree of
crystallinity. The variation in the physical properties of red phosphorus (equilibrium vapour
pressure, density) that have been commented on by several authors suggest that conditions
throughout one batch may not be uniform. It may be that the special requirements of
pyrotechnics manufacturing processes expose those variations more critically than in other
applications.

The patent literature also reveals a process in which yellow phosphorus is reacted in a slurry
with red phosphorus and is converted incompletely into it. Under the right conditions a
product is achieved of a particle size distribution which does not require grinding to produce a
usable material. This process has not been used in the UK, and material from it has not,
presumably, been used in UK manufacture, but the Erco plant in the USA (operated by
Albright and Wilson) did use it to the technical satisfaction of the US DoD. However, the
spherical product was insufficiently reactive for the match industry and, following a lack of
financial commitment by the DoD, the plant was closed.

2.3.2. Review of patent literature

All the recent patents searched were variations on the simple theme of heating white
phosphorus to convert it into red phosphorus in a continuous or in a batch process. The
individual patents are abstracted briefly below. No catalysts were mentioned. Molten lead
was used in one patent as an inert heat exchange medium. The main emphases of the patents
seem to be production of red phosphorus as a granular powder rather than as a massive lump




which would require breaking up, and managing the heat flow during the conversion. Other
than the rough extremes of particle size and occasionally the qualitatively good flow
properties of the product, no properties of the phosphorus were claimed. In particular, no
treatment to remove residual white phosphorus other than heating was mentioned in any of the
patents.

When considering the following patents it should be understood that Hoechst took over the
Knapsack plant, and that Albright and Wilson operated the Erco plant.

Most systems react a slurry of red phosphorus in white phosphorus over temperature ranges
from about 200°C or 300°C to the boiling point of white phosphorus. The flow rate or
removal rate is adjusted to manage the temperature. One claim is for a conversion in aqueous
suspension, which seems close to a completely different proposal from a method of
manufacturing phosphine!

A variant of the process was described by Wilson and Tusson*, in which a slurry of red
phosphorus in molten white phosphorus at above 200°C was blown with an inert gas to
achieve separation by removing the volatile white phosphorus.

Hyman and Chase (American Cyanamid)’ describe an agitated reactor for the continuous
conversion of liquid white phosphorus to red phosphorus. White phosphorus is fed into the
slurry at such a rate as to maintain the proportion of red phosphorus in the range 15 to 45% at
a temperature in the range 220°C to the boiling point of white phosphorus. Slurry is constantly
withdrawn for recovery of red phosphorus at a rate sufficient to maintain constant volume in
the reactor. Internal baffles provide an agitation regime such that red phosphorus does not
build up inside the reactor.

McGilvery and Singh (Erco)® produce red phosphorus by heating white phosphorus to
between 250° and 590°C at a pressure above the vapour pressure of white phosphorus. The
white phosphorus may be fed into an extrusion head heated to the reaction temperature from
which the red phosphorus is extruded into an inert atmosphere. Alternatively, droplets of
molten white phosphorus may be fed into an inert immiscible heat exchange fluid such as lead
at the reaction temperature.

McGilvery (Erco)’ proposes a dry process in which white phosphorus is injected onto a bed of
red phosphorus particles preheated to a temperature above the thermal conversion temperature
and within the range 300° to 595°C (or 350° to 425°C) while controlling the heat generation.
The concentration of white phosphorus is maintained below about 20% by weight (of the
total).

Lehr et al (Hoechst)’ continuously introduce yellow phosphorus into a ball mill heated to
between 280° and 590°C at such a rate that the temperature of the reaction is self sustaining.
The red phosphorus is cooled inside the mill, water is poured over it and the whole is
subjected to wet grinding. The red phosphorus is finally removed from the mill as an aqueous
suspension :

Ryan and Yank (Erco)' form red amorphous phosphorus is formed by thermal conversion of
yellow phosphorus under such conditions that the heat of conversion evaporates the yellow




phosphorus which is condensed and used for a subsequent batch. The red phosphorus is
essentially free from yellow phosphorus and is in a particulate form. Lead may also be used as
the heat transfer medium.

Low and Holmes (Albright and Wilson)'! claim a process for the manufacture of friable red
phosphorus by forming a slurry of 10-45% red phosphorus in molten white phosphorus,
reducing the content of yellow phosphorus to less than 20% of the red phosphorus by
separation at below 280°C, and then heating the product at above 295°C to convert and also
evaporate the yellow phosphorus. Various temperatures and durations, with or without
vacuum, and with and without intermediate cooling to various temperatures are also used. The
claimed product is readily broken up and does not require washing with caustic soda to
achieve the required degree of stability. However, no details of analysis are provided.

Inao et al., (Rinkagaku)'? prepare red phosphorus by heating yellow phosphorus at its boiling
point in the presence of a dispersant which may be a finely powdered inorganic surfactant
sparingly soluble in water, an inorganic ammonium salt, or an organic amine. Most of the
yellow phosphorus is converted to red, most of the remainder is removed by distillation at its
boiling point, and the last traces at a higher temperature. The product is a fine powder of red
phosphorus which is less apt to undergo a disproportionation reaction.

2.3.3. Specification and Availability of Red Phosphorus

Red phosphorus for use in UK smoke stores is governed by Interim Defence Standard 68-96/1
(May 1990) (earlier CS5390A phosphorus, amorphous, oiled).

Volatile matter % 0.25 max
Free phosphorus % 96.0 min
Oil % 0.95 min; 1.55 max
White phosphorus ppm | 200 max
Matter insoluble in water % 1.0 max
Reaction of 5% m/v water extract
acidity to methyl orange as H,SO, % 0.05 max

acidity to phenolphthalein as H,SO, % 0.50 max
alkalinity to methyl orange as Na,CO; % 0.20 max

Matter insoluble in aqua regia

total % 0.30 max

retained on 75um sieve % 0.05 max

retained on 250pum sieve % Nil
Sieving

retained on 355um sieve % Nil

retained on 250um sieve % 1.0 max

retained on 180um sieve % 3.0 max

Table3 Requirements of Interim Def Stan 68-96/1
Phosphorus, amorphous, oiled




The oil is described as “insulating oil complying with BS 148”. As alternatives may be used
oil to BS 4475 grade TLS-22 or dioctyl phthalate. This specification limits the acidity of the
material on receipt or at the time of use, places limits on the coarsest and finest particles that
are acceptable, but makes no comment on the presence or absence of trace impurities other
than white phosphorus.

This specification was presumably written around the material originally supplied by Albright
and Wilson.

There are now few manufacturers of red phosphorus in the West, which concerns
manufacturers of red phosphorus pyrotechnic stores and their customers. Pyrotechnics is a
minor user of the total red phosphorus production and most users have tended to take from the
suppliers what has been devised for other uses in the plastics industry.

Pyrotechnics compositions containing red phosphorus are treated differently from flame
retarded plastics, and they contain different ingredients. Their processing almost invariably
takes place at room temperature with intervening stages of drying at modestly elevated
temperatures. They are usually granulated moist with a solvent and pressed or perhaps
extruded. They often contain significant quantities of inorganic oxidising agents and metal
powders which can react with moisture to produce hydrogen. Significantly, perhaps, red
phosphorus is by far the major constituent, and all efforts are made to reduce the amount of
ingredients which do not directly contribute to the formation of smoke. This may make the
problem of phosphine evolution more severe not merely because of the greater amount of
potential reactant, but because of the lower amount of potentially protective plastics matrix.

Table 4 shows some grades that have been made available by Hoechst and have been used
with success by several pyrotechnics manufacturers, not all of which meet the requirements of
the Interim Defence Standard.




HB300 HB400 HB600 HB700 NF SMC3 OM3
phosphorus (%ow/w) | >97 92min 91 min 94min 975 97.5 96 min
min min
dust suppressant (% w/w) | 0.3-0.7 0.95-
1.55
Water (Yow/w) | <0.5 15-25 15-25 0.5 max 0.5 max 0.5 max
Size distribution
>400 um 0.1 max 0.1 max 0.1 max
>180 um 3.0 max
>100 pm 3.0 max 3.0 max 3.0 max
>75 um Smax 5 max
>48 pm ~20
>45 um 25 max 25 max 25 max
>24 pm ~50
Phlegmatising agent 0.3-0.7
PH ~7 9-11 6.0-8.0
bulk density 0.8-1.2
Iron <0.05
Copper <0.001
white phosphorus <0.02 0.02
max
volatile content 0.5 max
Table 4. Some Available Grades of Red Phosphorus (Hoechst)

24.  Reaction of Red Phosphorus with Moist Air
24.1. Introduction

Phosphorus undergoes an important series of reactions at room temperature in the presence of
oxygen and moisture to produce acidic oxides and small quantities of the highly toxic gas
Pphosphine, PHj. Although the phenomenon has been known for a long time, the chemistry of
the reaction seems to have remained obscure. It seems certain that both oxygen and water are
necessary, and that the reaction can be catalysed both positively and negatively by traces of
metal ions. It is possible that hydrogen may also be produced by oxidative hydrolysis of
phosphorus, although this is uncertain, and any mechanism is equally unclear.

Phosphine can react with moist air to produce similarly acidic products, this time remote from
the original sample of phosphorus. Further, it can react rapidly with metals, particularly
copper, to cause extensive corrosion at sites well removed from the bulk phosphorus.



2.4.2. Review of non-patent literature

It has long been recognised that the rate of oxidation is very sensitive to the presence of traces
of impurities, and much work, reflecting the importance of red phosphorus in the plastics
industry, has been published on the stabilisation of red phosphorus against this reaction.

One of the earliest publications on factors affecting the chemical stability of red phosphorus
was by Jakabcin and Silverstein'? of Frankford Arsenal in 1942 who investigated the stability
problems with a small arms priming composition containing red phosphorus and barium
nitrate which had been pressed into a brass capsule. They found that the rate of production of
acidity was increased in the presence of copper, 70:30 brass and 90:10 brass, and they then
investigated mixtures of red phosphorus and powdered metal for which reactivity decreased in
the order:

Cu > Cr (sample 2) > Bi > Fe > Ag > Ni > Cd > Sn>
red phosphorus alone>
Pb > Cr (sample 1) > Zn > duralamin > Al.

The order was somewhat changed in the presence of barium nitrate: the tin then decreased the
reaction rate considerably, and the cadmium then slightly accelerated the rate relative to a
mixture of red phosphorus and barium nitrate. The difference between the two samples of
chromium was not resolved. Although the mechanism is obscure, the effect of different metals
on the reactivity of red phosphorus is fundamental to many of the subsequent publications.

243. Review of patent literature

All the patents searched relating to the use or red phosphorus as a flame retardant in the
plastics industry are briefly abstracted below.

Most publications on the subject are in the patent literature, and understanding is fraught with
difficulty. While one might accept the internal consistency of the claims within a single
patent, the different tests applied in different patents make comparisons between patents
uncertain. Many patents give no quantitative evidence for the effectiveness of their claims in
suppressing phosphine. Also, while the formation of phosphine and the development of
acidity (via phosphorus oxides) presumably proceed hand in hand few quantitatively satisfying
links have been found so far in the literature. The rest of this section is devoted to sourcing the
published phenomena which are so often incomplete and sometimes apparently contradictory.

Earlier attempts to reduce the reactivity of red phosphorus depended on coating it with
hydrophobic layers of paraffin. Knapsack AG improved the method of coating it with about
5% wax'! and later stabilised it by treating it with magnesium hydroxide or aluminium
hydroxide and impregnating it with paraffin, wax or organo-silicon compounds'®. They also
claimed that chloroparaffins, dioctylphthalate, tris(B-chloroethyl) phosphate, tricresyl
phosphate and a silicone-polyether block copolymer were also effective's.

Busch et al.. (Hoechst)'” use red phosphorus in combination with talc and an alkaline earth
metal carbonate.




Horsey et al., (US DoD)'® use an injection mouldable compositions consisting of 30-80% red
phosphorus and 70-20% polymeric binder consisting of polyethylene, polypropylene or their
copolymer. Stability may be increased by adding smaller quantities of polystyrene and anti-
oxidants such as aluminium oxide.

Dany et al., (Knapsack)'® passivate red phosphorus with 19-90% molten g-caprolactam in an
inert atmosphere.

Largman et al,, (Allied Chemical)®® claim that polyamide compositions containing an
effective amount of red phosphorus flame retardant additive are rendered more flame retardant
by heating the composition in the presence of oxygen at a temperature of at least 100°C. No
comment is made on phosphine evolution.

Wacky and Cherdron (Hoechst)?! incorporate in the moulding composition 1 to 120 weight %
based on red phosphorus of substances capable of binding with phosphine (See table 5).

Additive Additive Concentration
(on red PHj; in flask
phosphorus)
() ppm

Standard - 35-40
1 | HgO 2 1
2 | MoS; 2 1
3 | PbO, 2 1
4 | active carbon 7 -
5 | CuO 10 -
6 | FeCl;.6H,0 10 1
7 | HgCl, 1 -
8 | AgNO; 1 -

Table 5. Reduction of Rate of Phosphine
Production (Wacky and Cherdron)

These include molybdenum(IV) oxide, mercury(II) oxide. lead oxide, silver nitrate,
mercury(I) chloride and iron(II) chloride hexahydrate. The best results were found with
copper(Il) oxide and activated charcoal. 3g red phosphorus and the compounds given were
stored for 12h in a stoppered 100ml flask.

Breitschaft (Hoechst)? phlegmatise red phosphorus for use in a retardant for linear polyester
sor polyamides by intimately mixing it with a liquid mono- di- or tri-ester of orthophosphoric
acid. These materials bind well to the red phosphorus and prevents exposire of grains during
processing.

Hilt et al., (BASF)* phlegmatise use finely divided red phosphorus with a solid having a
melting point from 50°C to 120°C (trioxane and caprolactam are instanced) for use as flame
retardant for polyoxymethylenes. They neutralise the surface acidity of the phosphorus with
sodium carbonate prior to, or during incorporation.




Dany et al., (Hoechst)?* 25 26 propose flame retardants made from red phosphorus and organic
nitrogen compounds (specifically melamine or polyacrilonitrile) which carbonise after
inflammation (ratio of ingredients from 1:99 to 99:1) and a stabiliser of 1 to 10 weight %
(based on red phosphorus) amidosulphonic acid or ammonium bisulphate, or 5 to 15 weight %
paraffin oil, or mineral oil, or silicon oil, or 20 to 50 weight % pentaerithritol based on the

nitrogen compound. .

Kaiser and Cadus (BASF)*’ desensitise red phosphorus against spontaneous ignition, and
reduce its tendency to dust during the processing necessary to use it as a flame retardant in
plastics, by coating it with a lactam having between 4 and 12 carbon atoms by conventional
mixing and homogenising techniques. The flame retardant consists of 25 to 90% red
phosphorus and 10 to 75% lactam. Following incorporation into the plastic, the lactam may be
partly or wholly recovered by distillation at atmospheric pressure or under vacuum. Suitable
lactams are pyrrolidone, caprolactam, enantholactam, octalactam and dodecalactam. These are
particularly suitable for flame proofing high melting polymers such as polyamides,
polyurethanes, polyacetals and polyester amides.

Wortmann at al., (Hoechst)*® desensitise red phosphorus with 2 to 20 weight % of a liquid
organic or organo-silicon compound which does not react with phosphorus and has a low
vapour pressure at room temperature. Desensitisers include chlorinated paraffin oil (30-70%
chlorine), tris-(B-chloroethyl) phosphate, tricresyl phosphate, a silicon-polyether block
copolymer, and a copolymer of dimethylpolysiloxane and polyoxyalkylene ether.

Raley (Dow)” uses red phosphorus as flame retardant for cross-linked halogenated olefin
polymers.

Horn and von Rumohr (BASF)*® add 0.5 to 15 weight % red phosphorus (particle size 0.001
to 0.5mm) to aromatic polycarbonates.

Rainer et al., (BASF)*' use 0.5 to 12 weight % red phosphorus as flame retardant for
thermoplastic nylon used in the electrical industry.

Ducloux (Rhone-Poulenc)*? uses up to 15% red phosphorus (mean particle size <200um) as a
flame retardant in heat curable compositions based on N,N'-diimide of an unsaturated

carboxylic acid.

Dany et al., (Hoechst)** use red phosphorus of particle size up to about 100um coated with a
binder which melts between 30° and 180°C consisting of a wax (specifically the ethylene
glycol ester of the wax acid product of chromic acid oxidation of crude montana wax) and/or
metal soaps and other materials including melamine, polyacrylonitrile amidosulphonic acid,
copper(Il) oxide, aluminium oxide, and dibromoneopentyl glycol which inhibit the formation
of phosphine during incorporation of the flame retardant with plastics.

Staendeke et al., (Hoechst)*® use as an oxidation stabiliser 0.5 to 5% w/w of a metal
compound of the second or third group of the Periodic Table, specifically the neutral
aluminium, magnesium, calcium or zinc salt of phosphoric acid. Again the maximum claimed
particle size of red phosphorus is 0.2mm (see Table 6). The phosphates are precipitated at
controlled pH with orthophosphoric acid from solutions of, for example. aluminium sulphate,
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calcium nitrate, zinc sulphate or magnesium sulphate. The treated (or untreated) red
phosphorus is suspended in water at 80°C and purged with oxygen. A gas mixture of oxygen
and phosphine is passed through solutions of mercury(Il) chloride and the extent of oxidation
determined by titration according to the following reaction:

PH; + 3HgCl, = P(HgCl); + 3HCI

Evolution PH; Acidity of aqueous

. suspension
Method of preparation of sample mg/g material/h Mg KOH/g

material/h

100g red phosphorus suspended in
500cc water at 90°C with agitation.
Added 5 g NaHzP Os; and 12 g
Aly(SO4);.18H,0 and NaOH added to 0.27 4.2
adjust pH to 3. One hour wait, than
filter, wash residue with water and dry
at 80°C in stream of N,.
As  first example, but 11.5g
Ca(NO;)2.4H,0 added to aqueous
suspension in place of aluminium
sulphate. pH adjusted to 7 with NaOH.
As  first  example, but 14g
MgSO4.7H,0 added in place of
aluminium sulphate. pH adjusted to 7
with NaOH
As first example, but 11g ZnS0,.7H,0
added in place of aluminium sulphate. 0.52 5.8
H adjusted to 7 with NaOH
Control: no stabilisation 0.53 7.7

0.39 5.2

0.51 5.8

Table 6. Evolution of Phosphine and Development of Acidity. (Staendeke)

Staendeke et al (Hoechst) published four similar methods of stabilising red phosphorus with a
compound of a metal of the second or third group of the periodic table.

The compound may be the neutral aluminium, magnesium, calcium or zinc salt of an acid
orthophosphoric acid ester® of a long chain aliphatic alcohol, which may be ethoxylated, or
phenol, the metal compound being present in about 0.25 to 5 weight %. A claimed
improvement is that the red phosphorus and about 0.5 to 5 weight % acid orthophosphoric
acid ester of a long chain aliphatic alcohol, or phenol, are intimately blended, suspended in
water, heated to about 60° to 95°C and treated with the stoicheiometric amount of an aqueous -
solution of a water soluble salt of aluminium, magnesium, calcium or zinc (aluminium
sulphate, magnesium sulphate, calcium nitrate and zinc sulphate are specifically mentioned).
The mixture is filtered and the residue dried at elevated temperature (80° to 130°C is
mentioned).




The compound may also be the aluminium, magnesium, calcium or zinc salt of an alkyl-,
cycloalkyl, aryl- or aralkyl-phosphonic acid having 1 to 20 carbon atoms®. Specific mention
is made of salts of octane-, decane- dodecane-, benzene-, cyclohexene-, 2-phenylethane-1-, 2-
phenylethylene-1-, 2-carboxyethane-1-, cyclohexane-, vinyl-, 2-chloroethane-1 and propane-
phosphonic acid. A claimed improvement is that the red phosphorus and phosphonic acid are
intimately blended, suspended in water, heated to about 60° to 95°C and treated with the
minimum amount of an aqueous solution of a water soluble salt of aluminium, calcium or zinc
(aluminium sulphate, calcium nitrate and zinc sulphate are specifically mentioned) necessary
to cause precipitation of the corresponding phosphinic acid salt at a pH of 3.0 to 6. The
mixture is filtered and the residue dried at elevated temperature (80° to 90°C is mentioned).
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